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Abstract. By applying the micro-electro-mechanical-system (MEMS) fabrication

technology, we developed a micro-thermal sensor to measure surface shear stress. The heat
transfer from a polysilicon heater depends on the normal velocity gradient and thus provides
the surface shear stress. However, the sensitivity of the shear-stress measurements in air is
less than desirable due to the low heat capacity of air. A unique feature of this micro-sensor is
that the heating element, a filmudm thick, is separated from the substrate by a vacuum

cavity 2 um thick. The vacuum cavity prevents the conduction of heat to the substrate and
therefore improves the sensitivity by an order of magnitude. Owing to the low thermal inertia
of the miniature sensing element, this shear-stress micro-sensor can provide instantaneous
measurements of small-scale turbulence. Furthermore, MEMS technology allows us make
multiple sensors on a single chip so that we can perform distributed measurements. In this
study, we use multiple polysilicon sensor elements to improve the dynamic performance of
the sensor itself. It is demonstrated that the frequency-response range of a constant-current
sensor can be extended from the order of 100 Hz to 100 kHz.

Keywords: MEMS shear-stress sensor, micro-machine technologies, flow sensing

1. Introduction as a sensing output (Pabal 1994, Mehregany and Bang
1995). The displacement of the plate can also be measured
A fluid flowing past a solid boundary exerts normal and by using optical means (Padmanableral 1995). Since
tangential forces on the surface. Many techniques for these techniques require that a portion of the wall be allowed
measuring the tangential stress have been developed (Winteto move in a direction parallel to the boundary, the sensing
1977, Haritonidis 1989, Goldstein 1996). The most direct plate must have a gap around its perimeter. A consequence
way of determining the shear stress is to measure theof this necessary feature is that the unit can be contaminated
force exerted on a small surface area. By fabricating a by dust and moisture from the ambient.
floating element that is flush to the surface, the shear stress  The surface shear stress can be related to the strain rate
can be determined from the displacement of the elementofthe flow at the boundary. For example, the wall shear stress

or from the force required to keep the element in a null zlong the streamwise direction of a Newtonian fluid is
position. The MEMS technology has obvious advantages for

fabricating a small sensing element and provides an almost oUu
point measurement. ay |,
A typical sensor consists of a small plate suspended
by tethers that is fabricated by surface micromachining whereU is the streamwise velocity, is the direction normal
techniques (Schmidét al 1988, Shajiiet al 1992). As to the surface ange is the viscosity. Many methods of
fluid flows over the plate, the surface shear force causesmeasuring the wall shear stress are based on this relationship.
an in-plane deflection of the plate, which can be measuredOne obvious method is to obtain the slope at the wall by
by a strain gauge deposited on the tethers. By placing differentiating the velocity profile. The challenge is to
electrodes on the plate, the motion of the plate can beacquire an accurate near-wall velocity distribution. When
made to produce changes in capacitance that can be used hot wire is placed very close to the wall, the surface affects
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= By applying the MEMS technology that emerged during
== the late 1980s, we can alleviate loss by conduction of
heat from the substrate and improve the performance of
= the thermal shear-stress sensor (ktual 1994, Jianget al

- am— 1995, 1996, Huangt al 1995a,b, 1996). The MEMS
B _ fabrication technique utilizes lithography to expose the

: deposited photo-resist patterns on the chip and the unwanted
P ST part is then selectively removed by etchants. By repeating
@ ) the deposition—removal processes, sensors and actuators with

intricate geometry can be produced (Ho and Tai 1996, 1998).
Using surface micromachining, we fabricated a vacuum
chamber 2um thick under the diaphragm that supports the
heating element. This vacuum chamber will substantially
reduce the transfer of heat to the substrate and therefore the
sensitivity will be increased.

In this paper, we will first present the manufacturing
process. Then, the static and dynamic calibrations are
discussed. Finally, the idea of self-frequency compensation
for increasing the dynamic response will be introduced.
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2. Sensor design and the fabrication process
Figure 1. SEM pictures of four kinds of shear-stress

micro-sensors(a) Type | sensor(b) type Il sensor(c) type Il Four different configurations of the shear-stress micro-sensor
sensor andd) type IV sensor. have been designed and fabricated (figure 1). The sensing
element is made of polysilicon resistors. For type I, the
Sresistor rests on the silicon nitride diaphragm, which has a
vacuum chamber below it. The size of the vacuum cavity is
200pumx200umx 2 um. Type Il has a similar configuration
exceptthat the polysilicon resistor is raised g«Bb above the
diaphragm by a bridge structure on the diaphragm. Type IlI
is similar to type Il except the polysilicon resistor is elevated
above a solid substrate. The polysilicon resistor of the type IV
sensor is supported by two long arms that are placed on a solid

the heat transfer and an erroneous reading will result unles
corrections are made. The noise level of optical velocimetry,
such as is obtained from a laser Doppler velocimeter or a
particle-image velocimeter, is mostly due to the reflection
from the wall. The wall also influences the trajectories of
particles seeded in the flow.

The Preston tube (Preston 1953) is one of the most
commonly used instruments for measuring the time-averaged

wall stress. It is a fairly simple device and it is easy to use. . . . ? .
y P y ubstrate. This resistor igdn wide and has several different

The Preston tube is a small, rectangular, total-head tube thal .
uses the wall as one side of the tube. The pressure reading i gngths. Metal leads connect the sensor element to the printed

related to the dynamic head near the wall. If the tube is small circuit (PC) boards through bonding pads. A traditional hot-
enough to be immersed in the region where= 12(U/y) film sensor structure sits directly on the substrate; it is also

a simple relationship between the measured pressure and"2de on the same chip for the purpose of comparison.
the time-averaged shear stress can be established (Goldstein 1 N€ Major processing steps (Jiaegal 1995) for the
1996). type | sensor are schematically shown in figure 2. First,

The Stanton gauge is another commonly used instrument® 200 nm layer of silicon nitride is deposited @ 4 ir?
for measuring time-averaged shear stress. The Stanton gaug@fer by LPCVD and patterned to define the diaphragms (as
is formed by placing a thin razor blade above a static pressure200#m x 200 «m windows in the nitride layer). Exposed
hole. The difference between the pressure readings with andSilicon substrate is etched down 600 nm by a wet silicon
without the blade can then be related to the time-averaged€tchantand then a thick wet oxide1.1 .m) is grown, both
surface shear stress (Stantiral 1920). for planarization and to provide a sacrificial layer. Next, a

The rate of heat transfer from small thermal elements 900 nm layer of phosphosilicate glass (PSG) is deposited by
mounted flush on the surface can be related to the localLPCVD at 450°C and patterned (figure @). A blank low-
surface shear stress. The thermal method for shear-stres§tress silicon nitridex1.0 um) is then deposited by LPCVD
measurement is an indirect but extensively used techniqueas the diaphragm material (figureb. Then, etching
due to its simple configuration. A metal (e.g. platinum or holes are opened in the silicon nitride layer to expose the
tungsten) is traditionally used as the heating element. Whensacrificial PSG which, together with the underlying thermal
a heating current passes through the heating element, théxide, is etched away by highly concentrated hydrofluoric
change in voltage across the element can be correlated t@cid (HF) (49 wt%) to form the cavity underneath the
the shear stress. One disadvantage of using the thermatliaphragm (figure 2{)). The waferis then dried and a 400 nm
shear-stress probes is the loss of heat to the substrate, whickayer of silicon nitride is deposited at a vacuum pressure of
reduces the sensitivity. This problem become a critical one 300 mTorr to seal the cavity and to form the vacuum chamber
when the probe is operated in air, since air itself has alow heat(figure 2¢)). To form the sensor resistors, a 450 nm layer
capacity. Therefore, the thermal shear-stress measurementiof polysilicon is deposited by LPCVD and then patterned
air usually has a low signal-to-noise ratio. using a Sk plasma (figure 2()). Doping by ion implantation
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Figure 3. The circuit diagrams ofg) CT and p) CC modes of
Si Substrate operation.

(d) to compensate for the heat convection atdcand B are
calibration constants. We can operate the sensor in constant
temperature (CT) or constant current (CC) mode. Forthe CT
mode, the sensor resistan®e js kept constant by a feedback
circuit and P = E?/R, whereE is the voltage across the
sensor. Equation (1) becomes

Figure 2. The major steps for fabricating the micro-sensor (type |
is shown).

follows. Two phosphorous-doping dose levels have been

chosen, namely 6 and the 1&* cm=2. The wafer is then

annealed at 100@ for 1 h to activate the dopant and to E? = (Ay + Byt'3). )

reduce the intrinsic stress in the polysilicon. A 100 nm thick

layer of nitride is deposited by LPCVD as protection for the For the CC mode, the current passing through the sensor is a

polysilicon resistors. Finally aluminium metallization forms ~constantand® = E1. From equation (2),

the leads and the annealing of aluminium inai 420°C for

30 mi E = (AC+Bc‘L'1/3). (©)
in completes the process. For the other three types of

sensors, an additional sacrificial layer is added to form the 11, sensing element is made of polysilicon, which has a

bridge structure. o __wide range of resistance that can be adjusted by changing
The measured temperature coefficient of resistivity the doping level of the phosphorus. This is a very useful
(TCR) of the sensor resistor is typicallyl®°C~* for the  property, because the frequency response of the hot film is a
higher doping level ane-0.25%°C~* for the lower doping  fynction of the sensor resistance. We found that the optimum
level. The sensors in our experiments have the former level jagistance range of the micromachined sensor is 1610 k

unless noted otherwise. which is much higher than that of the traditional metal sensor
(5-5092). Thisisthe mainreasonwhy our shear-stress micro-

3. Sensor operation and calibration sensor achieves such a high frequency response. On the
other hand, the characteristics of the operational amplifier

3.1. Sensor operation limit the maximum probe resistance which can be used in

) the bias circuit. The CT and CC anemometer circuits used
The convective transfer of heat from the heated sensor to theIn the experiment are shown in figure 3. The resistance of

ambient fluid is a function of the velocity. When the sensoris o sensing elemeng, can be approximately related to its
placed on a surface where the velocity equals zero, the heaEemperatureT by the linear equation
convection is related to the first derivative of the velocity,

which is the shear stress generated by the flow. The heating R = Ro[1 + (T — Tp)] 4)
power for the sensor and the wall shear stres&llow the
relation (Haritonidis 1989) whereRy is the average resistance at a reference temperature,
Ty, andwx is the TCR of the sensor. This TCR is an additional
P = (T — To)(A+BtY?3) (1) adjustable parameter of a polysilicon sensor. It can take

either positive or negative values according to the phosphorus
whereTy is the temperature of the ambient flow afds the content. By using this property, we can develop a self-
sensor temperature? is the heating power for the sensor compensation technique that can further extend the range of
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frequency response. A parameter governing the operation of E-A¢ (mv)
a hot-film sensor is the overheat ratio defined as (Blackwelder 20
1981)

ar = (T — Tp)/ To. (5) | CC Mode
2 ym x 80 um

15
During operation, it is more practical to use a resistive
overheat ratio defined by 10 1

ag = (R — Ro)/Ro = a(T — To). (6)

The relationship between the two overheat ratios is

0

ag = (@To)ar. ) 03 04 05 06 07 08 09

It should be noted that the resistive overheat ratjg,could T1/3 (Pa 1/3 )

be either positive or negative depending on the sign of the

TCR, a, but the temperature overheat ratig;, is always  Figure 5. The calibration results for a CC sensor operated at
positive. ag =0.25,0.2 and 0.1.

3.2. Sensor calibration In the second method, an empirical relationship between
he Reynolds number and the wall shear stress for channel

The shear-stress sensor was calibrated in a two-dimension low was developed (Laufer 1951) as

(2D) channel flow facility. The channel is 4.88 m long

with a cross section of.81 m x 0.025 m. The air flow is U, 0089

provided by an axial blower driven by a dc power supply. The Uo = 0.108Re ©)

settling chamber has a honeycomb and screens for reducing

the turbulence level. A 10:1 contraction leads the flow into a whereU, is the shear velocity equalling /p)%?, Uy is the

2D test section. The velocity ranges from 5 to 30Th SThe free-stream velocityRe is the Reynolds number based on the

flow at the entrance of the test section is laminar and becomesree-stream velocity and half height of the wind tunnel and

transitional and eventually reaches fully developed channel is the density of air. This calibration method is simple since

flow. we need only measure the free-stream speed and do not need
5 2 to know the pressure gradient.

E-Ar (V9) The calibration results for four types of shear-stress
3+ sensors are shown in figure 4. These sensors are operated in
the CT mode with a resistive overheat ratio of 0.2. The sensor
elements all have the same dimensions pfi® x 120 um.

As expected, the type | sensor has the best sensitivity.
When the output of a type | sensor was compared with that of
the sensor element placed directly on the substrate without a
vacuum chamber (Huaref al 1995b), the sensitivity was an
type Il order of magnitude higher. The sensitivity is a function of the
area heated. Part of the film of a type | sensor is heated due to
the direct contact of the sensing element and functions as part
type IV of the sensor. Therefore, the type | sensor is more sensitive
than the type Il sensor. The type Il sensor is much more
- A Atype 1] sensitive than the type Ill sensor. Since the type IV sensor
! has longer supporting arms than those of the type Il sensor,
0.3 05 07 0.9 1.1 the arms separate the hot sensing element further from the

13 13 heat sink (i.e. the substrate). Therefore, the type IV sensor

T (Pa™) has better sensitivity. Overall, the type | sensor has the best

performance and was therefore studied and is reported on in
the following sections.

The calibration results for the type | sensor g x
80 um) operated in the CC mode and with initial resistive
overheat ratios of 0.25, 0.2 and 0.1 are shown in figure 5.
It can be seen that the higher the overheat ratio the higher
the sensitivity. This is because the temperature difference

h AP between the air and the sensors is larger, ranging from 0.1
=5 L, ©) to 0.25 for the highly phosphorus-doped polysilicon sensor
’ and from —0.25 to —0.5 for the low phosphorus-doping
where# is the channel height and P is the pressure drop  |evel. Within these ranges of overheat ratios, the temperature
over the streamwise length. differences between the heated sensor and the ambient air are

CT, ar=0.2
3x120 pm?2

Figure 4. The calibration results for the four types of sensor
operated in CT mode.

For sensitivity calibration, we adapted two methods. In
a fully developed channel flow, the surface shear stress,
linearly proportional to the streamwise pressure gradient:
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Figure 8. The directional sensitivity of a sensor.

ratio, the CT mode has a higher sensitivity than that of the
CC mode (figure 6).

The effects of the sensor dimensions on their sensitivities
have been measured and the results are shown in figure 7.
The sensors utilized have a phosphorus-doping level in the
negative ranges of the TCR and resistive overheat ratio. The
resistive overheat ratio tested in figure 78.5. Figure 74)
shows data for sensors with the same length (129 but
with widths of 2, 3 and 4:m. The data show that the width
has a minor effect on the sensitivity. A sensor with a large
width, 5um, was testedL /D in this test case (figure 7) was
only 20-40 and the temperature distribution along the sensor
is not uniform. The sensitivity becomes length dependent
(figure 70)).

The directional dependence of the sensitivity was
checked (figure 8). The flow direction normal to the sensor
element is defined as @nd the flow direction parallel to the
length is defined a$90°. The data follow a cosine function.
We can use the directional dependence to obtain the shear
stress in two directions simultaneously by the combination
of the outputs of two inclined sensors.

3.3. Temperature compensation

At a constant free-stream velocity, i.e. constant shear stress,
the output of the shear-stress sensor is sensitive to the ambient
temperature. This is the result of the doping level, which is
chosen for high shear-stress sensitivity. Both for CC and for
CT operation, the temperature effect (figurea)®nd ))
depends on the overheat ratio.

We can compensate for the temperature sensitivity either
by using a signal-processing software package or by using
hardware circuitry. Here, we develop a circuit (figure 10)
that uses another on-chip polysilicon sensor to accomplish
the temperature compensation. This sensor has a TCR
matched with that of the shear-stress sensor but is operated
at an overheat ratio less than 0.01, so that it functions as a
temperature sensor. The output of op-amp A3 is therefore a
function of the ambient temperature and fed into op-amp A2
to compensate for the temperature dependence of the shear-
stress sensor.

The results with and without temperature compensation
for a CT shear-stress sensor operated at a resistive overheat
ratio of 0.1 are shown in figure 11. The temperature
dependence decreases from 47 to 196V:. This circuit

stable material properties for temperatures below this level. provides an instantaneously temperature-compensated shear-
It can be seen that for a sensor operated at the same overheatress signal. Furthermore, the output of one temperature
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Figure 9. The temperature effect of the sensor at various overheat
ratios for @) CC and b) CT operation.

sensor can be used to compensate multi-channel shear-stress
sensors. This temperature-compensation technique is also
suitable for CC operation.

4. The frequency response and self-frequency
compensation

4.1. Time constants of a surface thermal sensor with a
heat-insulation layer

The dynamic response of the micro-sensor is studied
according to the model shown in figure &42( The sensor
element is at the top of the insulation layer (a silicon nitride
diaphragm) and the cavity is underneath the insulation layer.
We limit this analysis to the case of sensing elements with
large length-to-width ratios, for which the end heat loss is
small and can be neglected. The silicon substrate with a large
thermal conductivity is treated as a heat sink. In figure 12,
the g with subscriptss, i andc represent, respectively, the
conductive transfer of heat from the sensor to the insulation
layer, lateral conduction inside the insulation layer and the
convective transfer of heat to the fluid. The same subscripts
are used for other thermal parameters.

The energy-balance equations of figured)2(re

.2 dar
i“R = h(u)A(T — To) +csms—— +

& (10)

qs

d7;

dr

The heating current/, through the resistive sensoR,
produces the heating powgr= i>R. The power is balanced

by three processes. The firstis the convective transfer of heat,
qc = h(u;)A(T — Tp), to the sensor’s environment, in which

T and Ty are the temperatures of, respectively, the sensor
element and the ambient fluid. The convective-heat-transfer
coefficient is represented i« .) and it is a function of the
shear velocityy,. The relationship between and the wall
shear stress;, is T = u?p, wherep is the fluid density.A

is the wetted area of the sensdr= WL, whereW andL
denote the width and length. The second process involves

qs = q1tcim; (11)

~N——C
. off Eout
T on O
Et M
M —~——
5.6k 4% 10 2k I¢
[
7
0 A
AN +
470
+15V
Bal Hot—film 100k
(20K) SO | 10k
@) -15v O
10k
(Fre.) (bC Shift)

Figure 10. The temperature-compensation circuit for CT operation of the sensor.
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Figure 11. The temperature-compensation results for the sensor
at an overheat ratio of 0.1 and in CT mode.

the energy stored in the sensor elemenitz,(d7/dr), in
whichc¢g, m; andT are, respectively, the specific heat, mass
and temperature. The third process is conductive transfer
of heat from the sensor to the insulation laygy, which
comprises two terms, as shown in equation (11). One is
the energy stored in the insulation layeun; (dT; /dt); the
other isg;, the conductive transfer of heat laterally from the
insulator to the silicon substrate. The electrical analogy’s
equivalent circuit of the energy-balance equation is shown in
figure 12p). The two conductive-heat-transfer terms can be
described as follows:

ksA(T —T)
= A T 12
q @ (12)
2k;d; L(T; — Tp)
gi="— 0 (13)

wherek; andk, are the thermal conductivities of, respectively,
the insulation and the sensor element; &pi the halflength
of the cavity side. The ‘2’ in equation (13) is a result of the
bi-directionality of heat transfer in the insulation layer.

By combining equations (10)—(13), considering the
small fluctuating variables, neglecting higher order terms
and using a Laplace transform, the transfer function for the

relationship between the sensor’s temperature and the input

variable,A F, can be obtained as

AT ag ths+1
A (= (14)
AF O[lzRo t1t2S2 + (11 +tot3)s + 1
P -
AF = ?AI — (T —To)AAH (15)
1

whereA F is the Laplace-transform form of the input variable
(which is a function both of the perturbation of the electrical
currentinputA 7, and of the shear-stress-related perturbation
of the input, AH) and T is the static temperature of the
sensor. In equation (145, @ and Ry are, respectively,
the resistive overheat ratio, the temperature coefficient of
resistivity (TCR) (I°C~1) of the sensor element and the
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Figure 13. A typical square-wave response of the hot-film sensor
in the CT mode. The size of the sensor ig@d x 80 um and the
overheat ratio is 0.12.

sensor resistance at temperatlgeThe time constants, ¢,
andrs (in equation (14)) are

(16)

1y = K
= (){izRo
Although the system shown in equation (14) is of second
order, the pole; ~ —1/(t;+1,+t3) is dominant, so the system
behaves just like a first-order system with a time constant of

cim;.

. =th+t+13. a7)

This total time constant comprises three partsg:is
exactly the same as the time constant found previously
(Blackwelder 1981); the other two partg,andzs, obtained
here indicate how the insulation-layer parameters affect the
sensor’s dynamic performance. The time constant of a sensor
operated in CC mode (figure 9 in the paper by liual
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Figure 14. The cut-off frequency of the micro-sensor versusthe ~ TCR.
resistive overheat ratio in CT mode.
We use a CC shear-stress sensor to examine this feature;

(1994)) was measured and found to equal 38 The  the energy balance equation for the sensor element can be
calculated values of the various time constants;are 49 us, written as (Blackwelder 1981)

t = 0.1 us andrz = 293 us. The value of, is 342 us,
which is in good agreement with the measured value. From ar
equations (16) and (17), it can be seen that the existence of GMs gy = R-FT) (18)

the insulation layer tends to increase the time constant. The ] B

smaller the thermal conductivity;, of the insulation layer wherec, m; andT represent, respectlv_ely, the specn_‘|c heat,

the larger the effect. The larger the specific heatand ~ Mass and temperature of the sensbk is the power input

massn;, of the insulation layer the larger the time constant @ndF is the heat convected from the sensor to the ambient.

(Huanget al 1996). On using the Taylor expansion to look into the response to
electrical perturbations and neglecting higher order terms,

4.2. Frequency responses of sensors with positive TCRs the equation governing the dynamic response of the sensor
element follows as

Since well-defined, high-frequency, shear-stress fluctuations

for calibrating the frequency response of the sensor are not M,

readily available, electronic test signals are usually used

to determine the time constant of the system. According where

both to theoretical analyses and to experimental confirmation CsMs AR

(Freymuth 1977, Reda 1991, Albit al 1993, Moen and My = aRy i2°

Schneider 1993), the frequency response can be obtained by )

feedi_ng sine waves or square waves intq the sensor driver F'(1) = 2“71?(1 +aR)£- (20)

circuit. The terminal E,, in figure 3 is for this purpose. o i

A polysilicon sensor doped with the higher level of By taking the Laplace transform of equation (19), the change
phosphorus with a typical sheet resistance offer square jn transfer function for the relationship between the electrical

has a positive TCR. The measured frequency response of gyrrent,A;, and the sensor temperature], can be derived
2 umx 80um micro-sensor inthe CC mode is 500 Hz. Much 54

better dynamic performance can be obtained by operating AT F'(t)

the sensor in the CT mode. The square-wave response of AN 1+ Mgs (21)

the sensor is shown in figure 13, in which the lower wave o )

is the input and the upper wave is the response output. TheFor the CC circuit (flgyre 3), the relation between_ the output

time constant is 72:s. A higher frequency response can Voltage.E,., and the input current, can be described by

be obtained by increasing the overheat ratio of the sensor dE

or by using a smaller sensor. Figure 14 presents the cut-off M,

frequency versus the resistive overheat ratioa A= 0.25, dr

the frequency response of a sensor of sizer2x 50 um can where M, is the time constant for the circuit. Similarly,

reach 70 kHz. by considering the fluctuating parts, taking the Laplace
transform of equation (22) and combining it with

4.3. Frequency responses of sensors with negative TCRs  equation (21), we can get the transfer function for the system

dAT

+AT = F'(1) (19)

+E,; =IiR (22)

Most thermal sensors with positive TCRs exhibit low-pass- AE,, R 2ax(1+ag)
filter characteristics due to the thermal lag. When a sensor N : 1+ 1 (23)
element is doped with a low level (with a typical sheet ! (1+sz> Vor

resistance of 21 R per square) of phosphorus, its TCR is
negative. The frequency response behaves like that of a highwherew = 27 f is the frequencyw; = 1/M; andw, =
pass filter (figure 15). 1/M, are the corner frequencies for, respectively, the sensor
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Figure 16. The schematic diagrams of the self-compensation g
network. o
0} ® e
o - , 2 06+ uncompensated®® =«
and the circuit. The amplitude of the transfer function can be © p ‘.
derived as £
2
’ AE(mt _ R ZaRR (1 +aRR) ) (24) 02 = = = T =3
Ai [1+ (@/@2)?]72 1+ (0/w))?]Y2 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6
The theoretical curve (equation (24)) is shown in figure 15. frequency f (Hz)
Forw; < w < w», the above equation can be simplified to ®)
AEou| R 2ag(l+ag) ‘1 (25) Figure 17. The uncompensated and compensated frequency
i | ’ responses:d) using the circuit of figure 1&) an using the
Al /o A h f f &) and p) h

circuit of figure 160). ar = —0.7.
The TCR, of the sensor is negative and hence the resistive

overheat ratioar, is also negative. Therefore, the above adjustments. With this type of compensation, the frequency

increases with frequency, since the first term on the right- axtended from 500 Hz to about 100 kHz (figure y(
hand side of the equation is negative. Thus, a sensor with a

negative TCR has a high-pass-filter characteristic. 5 Conclusions

4.4. Self-frequency compensation Hot-film shear-stress sensors of four types have been

. . . - designed and fabricated by micro-machining technology.
Bytaklngadvantageofthehlgh-pass-ﬂl'[ercharacterlstlcsofa.l_he micro-vacuum chamber substantially reduces the

negative TCR sensor, a unique self-frequency-compensation . . e
. o o substrate heat conduction and increases the sensor sensitivity.
techniqueisillustrated here. We specifically use the CC mode

. : Experimental results show that the shear-stress micro-sensor
to demonstrate the effectiveness of this concept, because a o
perating in the constant-temperature mode can reach a cut-

typical CC sensor has alow frequency response inthe range of . L
hundreds of hertz. Lithography allows us to fabricate sensorsOﬁ frequency of 70 kHz and a high shear-stress sensitivity.

with different chosen TCR values on a single chip. We use :—ehse OC:SnQSt;ngrcﬂur';)e]‘n'[thZhc?r?ji;ftg?Sfogegzsorvclr?:nawzefsiegcy
a pair of polysilicon sensors in a CC circuit: one with a P y )

positive TCR,R, and the other one with a negative TCR pair of polysilicon elements, one as a shear-stress sensor and

Re (figure 164)). This is the experimental result obtained O7® @ a compensation de'eme";’ the freq“i”tcytLeS‘iggSIfoor
from a sensor with and without the compensation. By using operation In the mode can be increased to the z

this technique, the frequency response of a CC sensor can p&ange-
extended by three orders of magnitude (figureal)7(

Another frequency compensation, which is similar to
an R—C (resistor—capacitor) compensation circuit (discussed __ . .
above) is realized in figure 16 in which both This work is supported by an AFOSR-URI contract.
the measurement sensor, of resistam®e and in the
compensation sensor, of resistarig are of positive-TCR
type. This is similar to a differential circuit composed of .. S, Bulusu A, Martinsa S D and Gray D S 1993 Frequency
a capacitor and a resistor. A compensation circuit with response simulations of a diamond based sensor for
differential characteristics can be formed without making any supersonic flow®roc. ASME Thermal Anenometry

Acknowledgment

References

695



J B Huanget al

(Washington, DCgd D E Stocket al (New York: ASME)
ASME-FED 167 pp 181-84

Blackwelde R F 1981 Hot-wire and hot-film anemometers
Methods of Experimental Physics: Fluid Dynamics
ed R J Emrich (New York: Academic) pp 259-314

Freymuth P 1977 Frequency response and electronic testing for
constant-temperature hot-wire anemomefeRhys. E: Sci.
Instrum.10705-10

Goldsten R J 1996Fluid Mechanics Measuremer(tsondon:
Taylor and Francis)

Haritonidis J H 1989 The measurement of wall shear stress
Advances in Fluid Mechanics Measurements
ed M Gad-el-Hak (Berlin: Springer) pp 229-61

Ho C M and Tai Y C 1996 MEMS and its applications for flow
controlJ. Fluids Engng118437-47

——1998 Micro-electro-mechanical-systems and fluid flévas.
Rev. Fluid Mech30579-612

Huang J B, Ho C M, Tung S, Liu C and iTd C 1995b Micro
thermal shear stress sensor with and without cavity
underneathEEE Proc. Instruments Measurement Technology
Conf. (IMTC/95)pp 171-4

Huang J B, Liu C, Jiang F, Tung S,iTa C and Ho C M 1995a
Fluidic shear-stress measurement using surface
micromachined sensoRyoc. IEEE Region 10 Int. Conf.
Microelectronics and VLSI, Hong Korpp 16-19

Huang J B, Tung S, Ho C M, Liu C and iTa C 1996 Improved
micro thermal shear-stress sendeEE Trans. Instrum. Meas.
455704

Jiang F, Tai Y C, Huag J B and Ho C M 1995 Polysilicon
structures for shear stress sendensc. IEEE Region 10 Int.
Conf. Microelectronics and VLSI, Hong Kopg 12-15

Jiang F, Tai Y C, Gupta B, Goodman R, Tung S, Huang J and
Ho C M 1996 A surface-micromachined shear-stress imager
Proc. IEEE Micro Electro Mechanical Systems Meeting,
San Diego, CAp 110-15

Laufer J 1951 Investigation of turbulent flow in a two-dimensional
channelNACA report1053

696

Liu C, Tai Y C, Huang J and 8IC M 1994 Surface-micromachined
thermal shear stress senggplication of Microfabrication to
Fluid Mechanics ASME-FED979-16

Mehregany M and Bang C 1995 MEMS for smart structiresc.
Smart Structures and Materiapp 105-14

Moen M J and Schneidé& P 1993 The effect of sensor size and
substrate properties on the performance of flush-mounted
hot-film sensord\ASME Thermal Anemometry-1993
ed D E Stoclet al pp 249-61

Padmanabhan A, Goldberg H D, BredeS and Schmidt M A
1995 A silicon micromachined floating-element shear-stress
sensor with optical position sensing by photodioBégest of
Technical Papers, TRANSDUCERS 95, Stockholm
pp 436-9

Pan T, Hyman D, Mehregany M, Reshotko E and Willis B 1994
Calibration of microfabricated shear stress senBagsst of
Technical Papers, TRANSDUCERS '95, Stockholm
pp 443-6

Prestm J H 1953 The determination of turbulent skin friction by
means of pitot tubed. R. Aeronaut. So&8 109-21

Reda D 1991 Rise-time response of
nickel-foil-on-Kapton-substrate, hot-film shear stress sensors
AIAA paper 91-0169

Schmidt M A, Howe R T, SentuaiS D and Haritonidi J H 1988
Design and calibration of a microfabricated floating-element
shear-stress send®EE Trans. Electron Device35 7507

Shajii J, N K'Y and SchmidM A 1992 A microfabricated
floating-element shear stress sensor using wafer-bonding
technologylEEE/ASME J. Microelectromech. Sy$#89-94

Stanton T E, Marshall D and Brya@ W 1920 On the condition at
the boundary of a fluid in turbulent motidtroc. R. SocA 97
413-34

Winter K G 1977 An outline of the techniques available for the
measurement of skin friction in turbulent boundary layers
Prog. Aerospace Scl81-57



